1. Introduction
===============

Ion-exchangeable layered metal oxides have received growing attention because they can be functionalized under soft conditions, providing access to a very wide variety of kinetic metastable phases, inaccessible *via* classical solid-state reactions.[@cit1]--[@cit3] Such new phases, very recently reviewed,[@cit4] range from complex new inorganic solids,[@cit5] organic--inorganic hybrid materials[@cit6] to 2D exfoliated nanosheets.[@cit7]--[@cit9] They can present various interesting properties for instance in the field of energy (fuel cells, artificial photosynthesis, photovoltaics, batteries...) or in nanoelectronics (high-κ dielectrics, ferroelectrics, multiferroics...).[@cit4]

Among ion-exchangeable layered metal oxides, layered perovskites, Dion--Jacobson, Ruddlesden--Popper and Aurivillius phases, have probably been the most widely studied.[@cit1],[@cit10]--[@cit15] Very recently, several reports have underlined the considerable progress offered by microwave activation for the functionalization of such layered perovskites, notably in terms of speed of the reactions.[@cit6],[@cit16]--[@cit18] In addition, apart from classical insertion or grafting reactions,[@cit16]--[@cit18] microwave-assisted post-synthesis modification[@cit19] and exfoliation[@cit20] have also been reported.

Nevertheless, despite the rapidity of the microwave approach compared to classical methods, the molecules which have been inserted up to now into the interlamellar space of layered perovskites remain essentially limited to relatively simple ones, which hence reduces the range of possible applications. As for amine insertion, we have recently shown that microwave-assisted reactions allowed to extend the variety of accessible amines, to aromatic or chiral ones for instance.[@cit18] As for grafting functionalization, either *via* classical heating, solvothermal or microwave-assisted reactions, a few Dion--Jacobson phases and Ruddlesden--Popper phases have been functionalized, essentially by simple alcohols ([Table 1](#tab1){ref-type="table"}). To the best of our knowledge, only two examples describe the grafting of aliphatic linear polyols, namely (poly)ethylene glycols.[@cit13],[@cit21] In these reports, classical reactions are used, and only mono-grafting is observed. A more complicated alcohol ([d]{.smallcaps}-glucopyranose) has also been grafted into a Dion--Jacobson phase[@cit14] and into a Ruddlesden--Popper phase,[@cit22] and there again only one OH group (out of the five) reacts. Finally, only two examples of grafting with a molecule other than alcohol are reported (trifluoroacetic acid[@cit23] and linear phosphonic acids[@cit15]). Until now, there is one single report of grafting reaction in the protonated form of an Aurivillius phase.[@cit19]

###### Typical grafting reactions into layered perovskites

  Phase                          Protonated form                              Intermediate             Organic phase       Solvent         Method          *T*        *t*        Ref.
  ------------------------------ -------------------------------------------- ------------------------ ------------------- --------------- --------------- ---------- ---------- ----------
  Dion--Jacobson                 HLaNb~2~O~7~ (HLN)                           ∅                        Methanol            Water added     Stirring        R.T.       1 d        [@cit11]
  ∅                              Ethanol                                      Water added              Stirring            R.T.            7 d             [@cit11]              
  ∅                              *n*-Alcohol, *n*~C~ = 3--6, 8, 10, 12        Water added              Classical heating   80 °C           7 d             [@cit11]              
  *n*-Decoxyl-HLN                2-Propanol, ethylene glycol                  Water added              Solvothermal        80 °C           7 d             [@cit13]              
  *n*-Decoxyl-HLN                *tert*-Butyl alcohol                         Water added              Solvothermal        80 °C           14 d            [@cit13]              
  *n*-Decoxyl-HLN                *n*-C~*n*~H~2*n*+1~PO(OH)~2~, 4 ≤ *n* ≤ 18   2-Butanone + 1% water    Classical heating   80 °C           2--3 d          [@cit15]              
  *n*-Decoxyl-HLN                *n*-CH~3~(OCH~2~CH~2~)~*n*~OH, 1 ≤ *n* ≤ 4   ∅                        Classical heating   80 °C           14 d            [@cit12]              
  *n*-Decoxyl-HLN                CF~3~(CF~2~)~7~C~2~H~4~OH                    2-Butanone + 1% water    Classical heating   80 °C           7 d             [@cit24]              
  *n*-Decoxyl-HLN                [d]{.smallcaps}-Glucopyranose                2-Butanone + 10% water   Solvothermal        70 °C           3 d             [@cit14]              
  Propoxyl-HLN                   CF~3~COOH                                    ∅                        Solvothermal        70 °C           3 d             [@cit25]              
  Propoxyl-HLN                   4-Penten-1-ol                                ∅                        Solvothermal        80 °C           7 d             [@cit23]              
  ∅                              Methanol or propanol                         Water added              Microwave           100 °C          1 h             [@cit17]              
  Methoxyl-HCN                   *n*-Propanol                                 Water added              Microwave           100 °C          1 h             [@cit17]              
  Methoxyl-HCN or propoxyl-HCN   *n*-Pentanol                                 Water added              Microwave           120 °C          1 h             [@cit17]              
  Methoxyl-HCN or propoxyl-HCN   *n*-Decanol                                  Water added              Microwave           150 °C          0.5 h           [@cit17]              
  HCa~2~Nb~3~O~10~ (HCaN)        ∅                                            Methanol or ethanol      Water added         Solvothermal    150 °C          7 d        [@cit26]   
  Methoxyl-HCaN                  *n*-Propanol                                 Water added              Solvothermal        150 °C          7 d             [@cit26]              
  Propoxyl-HCaN                  *n*-Alcohol, 4 ≤ *n*~C~ ≤ 18                 Water added              Solvothermal        150 °C          7 d             [@cit26]              
  HSr~2~Nb~3~O~10~ (HSN)         ∅                                            Methanol                 Water added         Microwave       Not-mentioned   4 h        [@cit16]   
  Methoxyl-HSN                   *n*-Propanol                                 Water added              Microwave           Not-mentioned   4 h             [@cit16]              
  Propoxyl-HSN                   *n*-Hexanol                                  Water added              Microwave           Not-mentioned   3.5 h           [@cit16]              
  Ruddlesden--Popper             H~2~CaTa~2~O~7~ (HCT)                        Methylamine-HCT          Methanol            Water added     Solvothermal    100 °C     3 d        [@cit27]
  Methoxyl-HCT                   *n*-Propanol                                 Water added              Solvothermal        80 °C           7 d             [@cit27]              
  Propoxyl-HCT                   *n*-Alcohol, *n*~C~ = 6, 10                  Water added              Solvothermal        80 °C           7 d             [@cit27]              
  *n*-Decoxyl-HCT                [d]{.smallcaps}-Glucopyranose                2-Butanone + 10% water   Solvothermal        70 °C           3 d             [@cit22]              
  Propylamine-HCT                *n-*Propanol                                 Water added              Microwave           110 °C          1 h             [@cit17]              
  Propoxyl-HCT                   *n*-Alcohol, *n*~C~ = 5, 10                  ∅                        Microwave           120 °C          1 h             [@cit17]              
  H~2~La~2~Ti~3~O~10~ (HLT)      *n*-Butylamine-HLT                           *n*-Propanol             Water added         Solvothermal    180 °C          5 d        [@cit10]   
  Propoxyl-HLT                   *n*-Alcohol, *n*~C~ = 4, 8, 10, 12           Water added              Solvothermal        150 °C          5 d             [@cit10]              
  Aurivillius                    H~2~Bi~0.1~Sr~0.85~Ta~2~O~7~ (HST)           Ethylamine-HST           Ethanol             Water added     Microwave       130 °C     2 h        [@cit19]
  Ethoxyl-HST                    4-Pentyn-1-ol                                Water added              Microwave           110 °C          2 h             [@cit19]              

In this article, we explore the microwave-assisted grafting of alcohols into a protonated Aurivillius phase H~2~Bi~0.1~Sr~0.85~Ta~2~O~7~ (HST), derived from the Aurivillius phase Bi~2~SrTa~2~O~9~ (BST). We more particularly investigate the influence of the starting reactant (HST or pre-functionalized HST) on the grafting of alcohols, including bulky alcohols. We report for the first time the bi-grafting of long alkyl diols in pillaring arrangement, whereas for short diols (ethylene glycol and 1,3-propanediol) only mono-grafting is observed. Finally, the comparison of the reactivity of --NH~2~ and --OH groups towards HST is also investigated, depending on the water content in the reaction, either for an intermolecular competition (using butylamine and ethanol) or for an intramolecular competition (using 5-amino-pentan-1-ol). We describe in this article how the use of microwave-assisted reactions not only allows to speed up the insertion-grafting of aliphatic alcohols into a layered perovskite, but also provides new interesting tools to insert more complicated molecules (diols and amino alcohols) and to control the preferential reactivity of the different functional groups.

2. Results and discussion
=========================

Details of the experimental procedures and methods, as well as results of the elemental analyses are given in ESI.[†](#fn1){ref-type="fn"}

2.1. Alcohol grafting and choice of the starting compound
---------------------------------------------------------

It has been shown that some protonated forms of Dion--Jacobson phases, HLaNb~2~O~7~·*x*H~2~O, HCa~2~Nb~3~O~10~·*x*H~2~O and HSr~2~Nb~3~O~10~·*x*H~2~O, can react directly with *n*-alcohol to form grafted *n*-alkoxy derivatives.[@cit11],[@cit16],[@cit26] Yet, for Ruddlesden--Popper phases such a direct grafting of alcohol has been reported to be inefficient, either using classical heating[@cit10],[@cit27] or using microwave-assisted reactions.[@cit17]**HST** (H~2~Bi~0.1~Sr~0.85~Ta~2~O~7~), the protonated phase derived from the Aurivillius phase Bi~2~SrTa~2~O~9~ (BST) can react directly with *n*-alkylamines to form inorganic--organic hybrids either using classical heating[@cit28] or using microwave-assisted reactions.[@cit18] Therefore it appeared worth trying to functionalize this phase by direct grafting of alcohol, but despite the use of drastic conditions in terms of temperature (up to 160 °C), duration (up to 3 days) and reaction conditions (classical heating, solvothermal or microwave activation), the direct grafting of ethanol into **HST** failed, providing only the unreacted starting compound. This result is not surprising since the same absence of reaction had already been reported for the structurally closely related Ruddlesden--Popper phases H~2~CaTa~2~O~7~ ([@cit17]) and H~2~La~2~Ti~3~O~10~.[@cit10]

Yet, a solution to graft *n*-alcohols into the protonated double-layered perovskite H~2~CaTa~2~O~7~, has been reported.[@cit17],[@cit27] It consists in using an intermediate pre-intercalation of H~2~CaTa~2~O~7~ with an *n*-alkylamine. Such a pre-intercalation strategy, already used for various lamellar hybrid materials[@cit29]--[@cit36] has been used more scarcely for layered oxides.[@cit15],[@cit17],[@cit18],[@cit27] The easy accessibility to **HST** functionalized by *n*-alkylamines using microwave-activated reactions[@cit18] offers extended possibilities for the subsequent interlayer surface modification of this Ta-based layered perovskite with *n*-alcohols.

Three different intermediates have been chosen as starting materials: **NH~3~-HST** (**HST** intercalated by ammonium), **C~2~N-HST** (**HST** intercalated by ethylamine) and **C~4~N-HST** (**HST** intercalated by butylamine). The microwave-assisted (130 °C, 2 h) grafting reactions were then performed using a large excess (more than 200 equivalents) of *n*-alcohols with respect to intermediates and *ca.* 1.3 mass% of water with respect to *n*-alcohols.

First, the intermediate **NH~3~-HST** has been used as a starting material to react with *n*-alcohols (C~*n*~OH, *n* = 1, 2, 3). Yet the XRD patterns and IR spectra of the reaction products show that no reaction occurs with ethanol and propanol (Fig. S1 and S2[†](#fn1){ref-type="fn"}). For methanol, the XRD pattern shows clearly a mixture of the starting material **NH~3~-HST** (interlamellar distance of 1.06 nm) and a new phase with an interlamellar distance of 1.23 nm, which corresponds to the effective grafting of methanol. This partial grafting is confirmed by IR spectroscopy (see ESI[†](#fn1){ref-type="fn"}). No improvement of these results could be obtained by changing the reaction conditions (temperature and duration), indicating that **NH~3~-HST** is not an ideal intermediate to perform grafting reactions with *n*-alcohols.

Fig. S3[†](#fn1){ref-type="fn"} shows the XRD patterns of the other intermediate tested, **C~2~N-HST**, and its reaction products with *n*-alcohols (C~*n*~OH, *n* = 1, 2, 3, 4, 7, 12). For reaction with alcohols possessing relatively short carbon chains (C~*n*~OH, *n* = 1, 2, 3, 4), the (00*l*) reflections of **C~2~N-HST** are no longer present in the final compounds, and new sets of (00*l*) reflections appear. This is a positive signal indicating the occurrence of grafting reactions between *n*-alcohols (C~*n*~OH, *n* = 1, 2, 3, 4) and **HST**. However, the compounds obtained after reactions with alcohols with longer carbon chains (C~*n*~OH, *n* = 7, 12) are multiphasic and with a very low crystallinity, whatever the reaction conditions used.

Infrared spectroscopy (Fig. S4[†](#fn1){ref-type="fn"}) shows for all compounds the appearance of signals of asymmetric and symmetric stretching vibrations of CH~2~ and CH~3~ groups in the region 2800--3000 cm^--1^. Yet, for the compounds obtained by reaction with C~7~OH and C~12~OH, these signals are particularly weaker than expected for such long alkyl chains. In addition, the band in the region 1100--1150 cm^--1^ corresponding to the formation of the C--O--Ta motif[@cit37] is visible for compounds with short alkyl chains but relatively weak for compound obtained with heptanol, or even absent for compound obtained with dodecanol.

It thus appears that the intermediate **C~2~N-HST** can be used to graft alcohols with relatively short carbon chains (C~*n*~OH, *n* = 1, 2, 3, 4), much better than the intermediate **NH~3~-HST**. Yet, for alcohols bearing longer carbon chain (*n* = 7, 12), no mono-phasic grafted products could be obtained.

[Fig. 1a](#fig1){ref-type="fig"} shows the XRD patterns of the last intermediate tested, **C~4~N-HST** and its reaction products with *n*-alcohols (C~*n*~OH, *n* = 1, 2, 3, 4, 7, 12). The grafted products are denoted as **C*~n~*OH-HST** (*n* represents the number of carbon atoms in *n*-alcohols). After reactions, the XRD patterns show that the (00*l*) reflections of **C~4~N-HST** disappear, and new sets of (00*l*) reflections appear. In contrast, the reflections, which are assigned to (100) and (110) in the XRD pattern of **HST**, are observed at the same positions (22.68° (3.92 Å) and 32.59° (2.74 Å) respectively, (CuKα1 = 0.1540598 nm)) in all the obtained products, which indicates the retention of the inorganic perovskite-like slab structure.

![(a) PXRD patterns of the starting material **C~4~N-HST** and its reaction products with *n*-alcohols (C~*n*~OH, *n* = 1, 2, 3, 4, 7, 12). (b) Left: Relationship between the number of carbon atoms in the aliphatic chain of *n*-alcohols and the interlayer distance of the corresponding grafted products (full line corresponds to the best linear fit). Right: Scheme of the bilayer arrangement of the mono-*n*-alkoxy-HST derivatives. (c) Corresponding IR spectra.](c8sc01754a-f1){#fig1}

[Fig. 1b](#fig1){ref-type="fig"} shows a linear relationship between the interlayer distance and the number of carbon atoms in *n*-alcohols. This relationship can be expressed as follows: *d*~001~ = 0.24*n* + 1.04. This linear relationship indicates that the conformation of *n*-alkyl chains within interlayer spaces of the reaction products is similar. In addition, the slope, 0.24, is about twice the length of one CH~2~ group in the case of an all-*trans* ordered *n*-alkyl chain (0.127 nm/carbon atom) which indicates a bilayer arrangement.[@cit26] Similar results have been described for the intercalation of **HST** with *n*-alkylamines[@cit18],[@cit28] and for the grafting reactions of Ruddlesden--Popper phase H~2~CaTa~2~O~7~ ([@cit17]) and of Dion--Jacobson phases HLaNb~2~O~7~·*x*H~2~O[@cit11],[@cit17] and HCa~2~Nb~3~O~10~·*x*H~2~O[@cit26] with *n*-alcohols.

Using the previous relationship, the tilt angle (with respect to the normal to the layers) can be estimated around 19°, which is the same as the one observed for the alkoxy derivatives of H~2~CaTa~2~O~7~.[@cit17],[@cit27] This tilt angle is larger than that of C~*n*~OH-H~2~La~2~Ti~3~O~10~ (15°) which can be attributed to larger lattice parameters.[@cit10],[@cit27] Finally, there is a considerable difference between the tilt angle of alkoxy derivatives of **HST** (**C*~n~*OH-HST**, 19°) and the one of the corresponding alkylamine intercalated **HST** (**C*~n~*N-HST**, 40°).[@cit18] This can be attributed to the different bonding modes, electrostatic in the case of amines, covalent in the case of alcohols.

[Fig. 1c](#fig1){ref-type="fig"} shows the IR spectra of the starting material **C~4~N-HST** and its reaction products with *n*-alcohols (C~*n*~OH, *n* = 1, 2, 3, 4, 7, 12). Comparing IR spectra of reaction products with that of the starting material, one notices the disappearance of the signals between 1530 and 1630 cm^--1^, which belong to the intermediate **C~4~N-HST**.[@cit18] The appearance of asymmetric and symmetric stretching bonds of CH~2~ or the stretching bonds of CH~3~ groups (2800--3000 cm^--1^) is clearly observed, and one can also notice an intense absorption around 1145 cm^--1^ attributed to the C--O vibration in the C--O--Ta group. Comparing with the corresponding *n*-alcohols (Fig. S5[†](#fn1){ref-type="fn"}), there is an obvious blue shift (*ca.* 95 cm^--1^) of the C--O band with respect to the corresponding free alcohol (*ca.*1050 cm^--1^). This blue shift is attributed to the coordination of the alcohol.[@cit37],[@cit38] In addition, the disappearance of stretching bonds of OH groups around 3300 cm^--1^ in the obtained products also indicates the success of the grafting reactions. The above analyses are in accordance with the removal of butylamine and the formation of a covalent bond C--O--Ta.

The major IR features are collected in [Table 2](#tab2){ref-type="table"}. The asymmetric stretching bond of the CH~3~ groups is visible between 2950 and 2970 cm^--1^ for **C*~n~*OH-HST** (*n* = 2, 3, 4, 7 and 12) and hardly visible at around 2919 cm^--1^ for **C~1~OH-HST**.[@cit11],[@cit39] For all compounds, the CH~3~ symmetric stretching band is masked by the more intense CH~2~ stretching vibrations, except for **C~1~OH-HST** for which this CH~3~ symmetric stretching band is 2817 cm^--1^. The values of *ν*~as~ and *ν*~s~ for CH~2~ group observed for **C~7~OH-HST** and **C~12~OH-HST** correspond to all-*trans* conformation.[@cit40] When the length of the alkyl chains decreases, the frequencies of these bands increase as expected in the case of the presence of some *gauche* conformations,[@cit40] yet, the ratio of *gauche* conformation is too low to have an influence on the basal spacing, as evidenced by the linear variation of the basal spacing ([Fig. 1b](#fig1){ref-type="fig"}). The signals at around 1470 cm^--1^ and 1350 cm^--1^ are attributed to C--H bend and C--H rock, respectively. Ta--O elongation vibration is the dominant feature at 580 cm^--1^. This band is slightly shifted depending on the samples, without any clear correlation with the functionalization. Finally, no explanation was found for the presence of two signals (591 and 524 cm^--1^) in the Ta--O elongation vibration region for **C~1~OH-HST**.

###### Positions of the IR absorption bands of the CH~2~, CH~3,~ C--O and Ta--O groups in **C*~n~*OH-HST** compounds

  Product           *ν* ~as~ (CH~2~) (cm^--1^)   *ν* ~s~ (CH~2~) (cm^--1^)   *ν* ~as~ (CH~3~) (cm^--1^)   *ν* ~s~ (C--O) (cm^--1^)   *ν* ~s~ (Ta--O) (cm^--1^)
  ----------------- ---------------------------- --------------------------- ---------------------------- -------------------------- ---------------------------
  **C~1~OH-HST**                                                             2919                         1147                       591, 524
  **C~2~OH-HST**    2926                         2869                        2968                         1143                       576
  **C~3~OH-HST**    2933                         2871                        2960                         1140                       565
  **C~4~OH-HST**    2931                         2869                        2957                         1139                       573
  **C~7~OH-HST**    2919                         2851                        2955                         1150                       568
  **C~12~OH-HST**   2916                         2848                        2957                         1144                       579

SEM observation for all compounds shows the same morphology of crystallites, inhomogeneous in size, with stratification typical of lamellar compounds (see Fig. S6[†](#fn1){ref-type="fn"} for representative examples).

In order to further demonstrate the formation of covalent bond C--O--Ta, solid state NMR spectroscopy was employed. As illustrations, the solid-state ^13^C CP/MAS NMR spectra of **C~1~OH-HST** and **C~4~OH-HST** are presented [Fig. 2](#fig2){ref-type="fig"}. The chemical shift of the α-carbon (--C--O--) of **C~1~OH-HST** and **C~4~OH-HST** are 60 and 74 ppm, respectively. Comparing with the chemical shift of the α-carbon of methanol and butanol in the liquid-state ^13^C NMR spectra (50.0 and 62.3 ppm, respectively[@cit41]), there is a downfield shift of about 10 ppm. This downfield shift indicates unambiguously the formation of the covalent bond C--O--Ta in the reaction products.[@cit10],[@cit13],[@cit19],[@cit27]

![Solid-state ^13^C CP/MAS NMR spectra of **C~1~H-HST** (red) and **C~4~OH-HST** (cyan).](c8sc01754a-f2){#fig2}

The thermal behaviors of the grafted products have been studied with the help of thermo gravimetric and thermo differential analyses (TGA-TDA) (Fig. S7[†](#fn1){ref-type="fn"}). The TGA and TDA curves show small endothermic mass losses, of about 0.4--1.0%, before 120 °C, which are ascribed to the removal of water. It is worth noticing that there is no visible loss of free alcohol, which confirms the effective grafting of the alcohol molecules. Between 200 °C and 400 °C, the obvious mass losses, associated to exothermic peaks are ascribed to the decomposition of the *n*-alkoxy groups within the interlayer space of the layered perovskite. The XRD pattern of the compound obtained after heating at 450 °C (Fig. S8[†](#fn1){ref-type="fn"}) is very similar to the one of **HST**, suggesting that **HST** is recovered at this temperature. By analogy with what has been described on H~2~SrTa~2~O~7~, the XRD pattern at 800 °C indicates the formation of a three-dimensional perovskite of formula Bi~0.1~Sr~0.85~Ta~2~O~6~.[@cit42],[@cit43] It appears that the layered perovskite structure of **HST** is more thermally stable when the perovskite has been grafted by alcohols.

Combining the above analyses and the results of elemental analyses, the formulae of the grafted products are collected in Table S1.[†](#fn1){ref-type="fn"} Amounts of *n*-alkoxyl groups per **HST** are around 1 per Ta~2~ unit (except for methoxy), smaller than 2, the theoretical maximum value based on the chemical formula H~2.0~Bi~0.1~Sr~0.85~Ta~2~O~7~. This phenomenon has been well explained by steric reasons in a previous report concerning the insertion of amines into **HST**[@cit28] and the grafting of alcohols into the Ruddlesden--Popper phase H~2~La~2~Ti~3~O~10~.[@cit10] As a result, only half of the reaction sites can be occupied. However, the amount of CH~3~O-- group per **HST** in **C~1~O-HST** is above this limit, around 1.5. It is noteworthy that this "excess" of methanol has already been reported for the grafting of alcohols into the Ruddlesden--Popper phase H~2~CaTa~2~O~7~.[@cit27] This dense arrangement of CH~3~O-- group on the interlayer surface of the perovskite-like slabs may be ascribed to the smaller cross-section area of methanol (0.126 nm^2^),[@cit44] compared to the one all-*trans* aliphatic chains, estimated to be 0.186 nm^2^.[@cit45]

The above study shows that the direct grafting reactions between **HST** and *n*-alcohols are totally inefficient and that the use of an intermediate is necessary. According to the work of van der Voort *et al.*, primary amines are known as catalysts to promote the silylation of silica surface and formation of Si--O--Si linkage by acido-basic catalysis.[@cit46] But the fact that the intermediate **NH~3~-HST** cannot react with *n*-alcohols (except partially with methanol) proves that the only presence of NH~3~^+^ group is insufficient to promote the occurrence of grafting reactions in **HST**. *n*-alkylamine-HST hybrids are indeed efficient intermediates (provided the alkyl chain of the inserted amine is long enough). When using these intermediates (such as **C~4~N-HST**), the microwave-assisted reactions are indeed much faster than the classical solvothermal ones ([Table 1](#tab1){ref-type="table"}). For instance, the grafting of aliphatic mono-alcohols into a Ruddlesden--Popper phase H~2~CaTa~2~O~7~ (very similar to the protonated Aurivillius phase **HST**, H~2~Bi~0.1~Sr~0.85~Ta~2~O~7~) lasts around 5 days using classical solvothermal approach.[@cit27] The general sketch of the synthetic procedure is given in [Scheme 1](#sch1){ref-type="fig"}.

![Scheme of the general synthetic procedure.](c8sc01754a-s1){#sch1}

2.2. Alcohol exchange reaction
------------------------------

Various alkoxy derivatives of HLaNb~2~O~7~·*x*H~2~O, HCa~2~Nb~3~O~10~·*x*H~2~O and H~2~La~2~Ti~3~O~10~ can be prepared by alcohol-exchange-type reactions with an *n*-alkoxy derivative as starting material to react with various alcohols.[@cit10],[@cit13],[@cit26] Therefore, following the results described above, it appears worth trying to prepare *n*-alkoxy derivatives of **HST** using microwave-assisted alcohol-exchange-type reactions.

Among the obtained *n*-alkoxy derivatives, **C~2~OH-HST** was chosen as a starting material to react with some *n*-alcohols (C~*n*~OH, *n* = 3, 4, 7, 12) with the help of microwave irradiation (130 °C, 2 h). The grafting reactions were performed using a large excess (more than ×200) of *n*-alcohols with respect to the intermediate **C~2~OH-HST**, using a small amount of water (addition of *ca.* 1.3 mass% with respect to *n*-alcohols).

The XRD patterns and IR spectra of the reaction products of **C~2~OH-HST** with *n*-alcohols (C~*n*~OH, *n* = 3, 4, 7, 12) are identical to the ones obtained by using **C~4~N-HST** as an intermediate (Fig. S9[†](#fn1){ref-type="fn"}). The insertion-grafting rates are also similar to the ones determined above. Therefore, we can safely ascertain that *n*-alkoxy derivatives of **HST** can be prepared by alcohol exchange from **C~2~OH-HST**, and that the obtained compounds are identical to the ones obtained by using **C~4~N-HST** as an intermediate. Considering the observed crucial role of water (without water the exchange reaction described above are inefficient), the relatively easiness to hydrolyse alcohol-functionalized layered perovskites,[@cit13],[@cit19] and by analogy with what has been described in the literature for alcohol exchange in other layered perovskites,[@cit10],[@cit13],[@cit15],[@cit26] we propose a hydrolysis--etherification mechanism to account for alcohol exchange reactions.

2.3. Grafting of bulky alcohols
-------------------------------

In order to further expand the scope of the microwave-assisted grafting reactions between HST and alcohols, we have tested some more bulky alcohols, other than linear aliphatic alcohols. As relatively bulky alcohols, propan-2-ol, *tert*-butanol and benzyl alcohol have been employed. The microwave assisted (130 °C, 2 h) grafting reactions were performed using a large excess (more than 200 times) of bulky alcohols, with respect to the intermediate **C~4~N-HST**, and a small amount of water (addition of *ca.* 1.3 mass% with respect to alcohols).

After reaction with propan-2-ol, *tert*-butanol and benzyl alcohol, the interlayer distances change from that of **C~4~N-HST** (2.05 nm) to 1.57 nm, 1.72 nm and 2.06 nm, respectively ([Fig. 3](#fig3){ref-type="fig"}). In contrast, the reflections assigned to (100) and (110) are observed at the same positions (22.68° (3.92 Å) and 32.59° (2.74 Å) respectively, (CuKα1 = 0.1540598 nm)).

![Left: PXRD patterns of **C~4~N-HST** and its reaction products with propan-2-ol, *tert*-butanol and benzyl alcohol. Right: As an example, proposition of arrangement of benzyl alcohol.](c8sc01754a-f3){#fig3}

Like for the insertion of aliphatic alcohols, IR spectra confirm the grafting of the bulky alcohols, essentially by the disappearance of the stretching OH vibration, and by the blue shift of the C--O vibration (see Fig. S10[†](#fn1){ref-type="fn"}). The formulae of the obtained compounds, established from elemental analyses and Thermo-Gravimetric Analyses (TGA) (Fig. S11[†](#fn1){ref-type="fn"}) are presented on Table S2.[†](#fn1){ref-type="fn"} The thermal behavior of the last compound, *tert*-butanol-HST is not reported here, because the results of elemental analyses show the significant presence of nitrogen (which is not the case for the other two compounds). It proves that in this case, the grafting is not complete, even using harder conditions (130 °C, 48 h, classical oven; 160 °C, 2 h, microwave). We attribute this difficulty to the bulkiness of *tert*-butanol, close to the anchoring function. On the contrary, elemental analyses for propan-2-ol-HST and benzyl alcohol-HST show no trace of nitrogen, confirming the complete removal of C~4~N.

It is noteworthy that, likely due to steric hindrance, the organic contents are 0.6 and 0.7 alcohol *per* Ta~2~ unit for 2-propanol-HST and benzyl alcohol-HST respectively, smaller than the value obtained for aliphatic linear *n*-alcohol-HST (*ca.* 1.0).

2.4. Grafting of α,ω-alkanediols
--------------------------------

The reactivity of **HST** with α,ω-alkyldiamines has been demonstrated, using either classical heating[@cit47] or microwave-assisted reaction,[@cit18] but to the best of our knowledge, the reactivity of a layered perovskite towards diols has been described only twice, with the grafting of (poly)ethylene-glycols into a Dion--Jacobson phase HLaNb~2~O~7~.[@cit13],[@cit21] We thus explored the possibility to functionalize **HST** by α,ω-alkanediols, using microwave activated reactions. **C~4~N-HST** or **C~2~N-HST** can be used indifferently as a starting material to react with α,ω-alkanediols (HOC~*n*~H~2*n*~OH, *n* = 2, 3, 4, 7, 8, 9, 12).

The microwave assisted (130 °C, 2 h) grafting reactions were performed using a large excess (more than ×200) of α,ω-alkanediols with respect to the intermediate **C~4~N-HST**, using a small amount of water (addition of *ca.* 13 mass% with respect to *n*-alcohols).

[Fig. 4a](#fig4){ref-type="fig"} shows the XRD patterns of **C~4~N-HST** and of the reaction products. After reacting with ethylene glycol, 1,3-propanediol and 1,4-butanediol, the interlamellar distances decrease from that of **C~4~N-HST** (2.05 nm) to 1.52 nm, 1.56 nm and 1.59 nm, respectively. For longer diols, the interlamellar distances of the grafted products increase regularly with the increase of the number of carbon atoms in alkane-diols.

![(a) PXRD patterns of the starting material **C~4~N-HST** and its reaction products with α,ω-alkanediols (HOC~*n*~H~2*n*~OH, *n* = 2, 3, 4, 7, 8, 9, 12). (b) Left: Relation between the number of carbon atoms in the aliphatic chain of α, ω-alkanediols and the interlayer distance of the corresponding grafted products (full line corresponds to the best linear fit for the longer diols (see text)). Right: Schemes of the pillaring arrangement of α, ω-alkanediols with long alkyl chains (top) and of the bilayer arrangement of ethyleneglycol or of 1,3-propanediol. (c) IR spectra of ethylene glycol, 1,3-propanediol, 1,4-butanediol, **C~2~(OH)~2~-HST**, **C~3~(OH)~2~-HST** and **C~4~(OH)~2~-HST**.](c8sc01754a-f4){#fig4}

The relation between the interlayer distance and the number of carbon atoms in aliphatic linear α,ω-alkanediols is plotted in [Fig. 4b](#fig4){ref-type="fig"}. For the longer diols (*n* = 4, 7, 8, 9 and 12), there is a clear linear relationship between the interlayer distance and the number of carbon atoms in the aliphatic chain of α,ω-alkanediols. The relation can be expressed as follows: *d*~001~ = 0.08*n* + 1.26. This linear relationship indicates that the conformation of *n*-alkyl chains in the interlayer space of the reaction products is identical for all compounds with *n* ≥ 4. The slope provides an estimation of the tilt angle of the alkyl chains with respect to the normal to the inorganic layers around 51° ([Fig. 4b](#fig4){ref-type="fig"} right). This tilt angle is much larger than the one obtained for aliphatic mono-alcohols (19°, see above) and larger than the one obtained for α,ω-alkanediamines (30°).[@cit18],[@cit47] Yet it is in line with the one observed for the grafting of aliphatic mono-alcohols into Nb-based layered Dion--Jacobson phases.[@cit11],[@cit17],[@cit26]

It is worth noticing that **C~2~(OH)~2~-HST** and **C~3~(OH)~2~-HST** present an interlayer distance similar to that of **C~2~OH-HST** (1.52 nm *vs.* 1.55 nm) or slightly smaller than that of **C~3~OH-HST** (1.56 nm *vs.* 1.77 nm) respectively, whereas the interlamellar distance of hybrids with diols with longer alkyl chains (*n* ≥ 4) is significantly smaller than that of the corresponding mono-alcohols hybrids. For instance, the interlamellar distance **C~4~(OH)~2~-HST** (1.59 nm) is much smaller than the one of **C~4~OH-HST** (1.94 nm). Moreover, the interlamellar distance of **C~4~(OH)~2~-HST** is similar to that of **C~4~N~2~-HST** (1.56 nm), for which 1, 4-butanediamine has a pillaring arrangement.[@cit18],[@cit47]

[Fig. 4c](#fig4){ref-type="fig"} shows IR spectra of ethylene glycol, 1,3-propanediol, 1,4-butanediol, **C~2~(OH)~2~-HST**, **C~3~(OH)~2~-HST** and **C~4~(OH)~2~-HST**. The disappearance of the signal of --CH~3~ group at 2962 cm^--1^ from the starting material **C~4~N-HST** is clearly observed, confirming the total removal of butylamine. The spectra of **C~2~(OH)~2~-HST** and **C~3~(OH)~2~-HST** present strong absorptions at the same positions as in ethylene glycol and propanediol respectively: 3296 cm^--1^, ascribed to free --OH group and 1086 cm^--1^ ascribed to C--O group. This indicates the existence of free --OH groups in **C~2~(OH)~2~-HST** and **C~3~(OH)~2~-HST**. In addition, the appearance of a new signal at 1149 cm^--1^ indicates the formation of covalent bond C--O--Ta between ethylene glycol and layered perovskite.[@cit37],[@cit38] On the contrary, the spectrum of **C~4~(OH)~2~-HST** shows the disappearance of the signal of the --OH group (visible at 3290 cm^--1^ in the spectrum of 1,4-butanediol). In addition, there is a blue shift of about 100 cm^--1^ of the signal of the C--O group (1149 cm^--1^ for the hybrid and 1048 cm^--1^ for 1,4-butanediol), without remaining signal at 1048 cm^--1^.[@cit37],[@cit38] The spectra of **C*~n~*(OH)~2~-HST** (*n* = 7, 8, 9, 12) present the same characteristics (Fig. S12[†](#fn1){ref-type="fn"}).

The above analyses strongly suggest that **C~2~(OH)~2~-HST** and **C~3~(OH)~2~-HST** present a bilayer arrangement of the guest species, with only one side of the diol grafted to the perovskite-like slab, the other OH group remaining free. **C*~n~*(OH)~2~-HST** (*n* ≥ 4) conversely, present a pillaring arrangement of guest species with both sides of the diols grafted to the perovskite-like slab.

This analysis is supported by solid state NMR spectroscopy ([Fig. 5](#fig5){ref-type="fig"}). The solid state ^13^C NMR spectrum of **C~2~(OH)~2~-HST** shows two signals at 75 and 64 ppm whereas the liquid state ^13^C NMR spectrum of ethylene glycol shows only one signal at 63.7 ppm.[@cit41] For **C~3~(OH)~2~-HST**, three signals are observed at 69, 59 and 37 ppm, whereas 1,3-propanediol presents only two signals at 61.7 and 34.1 ppm.[@cit41] Therefore, for both compounds, there is a downfield shift about 10 ppm for one α-carbon, while the other remains unchanged. This confirms that one alcohol group is coordinated to the perovskite layer, while the other remains free. The small signals at 36 and 14 ppm (marked with asterisks) are ascribed to residual C~2~N (for this peculiar experiment, **C~2~N-HST** was used as starting material instead of **C~4~N-HST**). For **C~4~(OH)~2~-HST**, only one signal for the α-carbon is observed, at 73 ppm, downfield shifted by about 10 ppm with respect to 1,4-butanediol (62.6 ppm), whereas the other signals (B and B′) remain unchanged.[@cit41] Therefore, both oxygen atoms of 1,4-butanediol are coordinated in **C~4~(OH)~2~-HST**. The small signal around 62 ppm (marked with asterisk) is ascribed to free --OH groups of 1,4-butanediol, coming from residual solvent, defects or 1,4-butanediol mono-grafted onto the surface of the crystallites.

![Solid-state ^13^C CP/MAS NMR spectra of **C~2~(OH)~2~-HST** (green), **C~3~(OH)~2~-HST** (blue) and of **C~4~(OH)~2~-HST** (cyan).](c8sc01754a-f5){#fig5}

According to proposed formulae, established from elemental analyses and Thermo-Gravimetric Analyses (TGA) (Table S3[†](#fn1){ref-type="fn"}), it is worth noticing that **C~2~(OH)~2~-HST** and **C~3~(OH)~2~-HST** contain about 0.8 and 0.6 diol respectively *per* formula unit, which, considering that the theoretical maximum number of hydroxyl group per Ta~2~ unit is 1,[@cit11],[@cit13] constitutes a further argument in favor of the monografting of ethylene glycol and propanediol.

The bilayer arrangement of C~2~(OH)~2~ and C~3~(OH)~2~ in the interlayer space of **HST** is in good accordance with previous report of monografting of ethylene glycol on the Dion--Jacobson phase HLaNb~2~O~7~·*x*H~2~O,[@cit13] or of 1,2- and 1,3-propanediols in Kaolinite.[@cit48] In the latter example, when largely increasing the reaction times, the two OH groups of 1,3-propanediol are coordinated, but to the same inorganic layer. Yet, to the best of our knowledge, the pillaring arrangement of α,ω-alkanediols in the interlayer space of layered perovskite has never been described in literature. The modification of Kaolinite with butanediols shows no pillaring arrangement.[@cit49] The grafting reactions between HLaNb~2~O~7~ and polyethylene glycols (PEGs) with various molecular masses lead only to mono-grafted arrangements.[@cit21] Finally, the functionalization of HLaNb~2~O~7~ with [d]{.smallcaps}-glucopyranose has also been described as a mono-grafted arrangement.[@cit37]

2.5. Alcohol grafting *vs.* amine insertion
-------------------------------------------

Considering the above-described results and other reports in the literature concerning the microwave-assisted functionalization of layered perovskites by relatively simple amines and alcohols,[@cit6],[@cit16]--[@cit19] it appears interesting to investigate the compared reactivity of amines and alcohols, and how the reaction conditions are able to change the preferential reactivity of **HST** towards --NH~2~ group or --OH group. This study is of great importance when times come for the insertion of very complicated molecules, bearing several functional groups. We focus here on the role of water.

A series of reactions between an equimolar mixture of butylamine (5.1 mL, 3.7 g, 0.04 mol) and ethanol (2.9 mL, 2.3 g, 0.04 mol) and with **HST** (50 mg), using a variable amount of water were thus carried out (microwave, 130 °C, 2 h). The amount of distilled water is 0 mass%, 0.1 mass% and 1.0 mass% with respect to the total mass of the reactive mixture.

[Fig. 6](#fig6){ref-type="fig"} shows the XRD patterns of **HST** and its reaction products depending on the reaction conditions. As expected, when no water is used, the reaction does not take place, neither with the amine, nor with ethanol. With a small amount of water (0.1 mass%), the interlamellar distance increases from 0.98 nm (**HST**) to 1.74 nm (which is slightly larger than that of **C~2~OH-HST** (1.54 nm)). When the amount of water increases further (1 mass%), the interlamellar distance increases to 2.07 nm, which corresponds to the one of **C~4~N-HST**.[@cit18]

![PXRD patterns of **HST** and its reaction products with an equimolar mixture of butylamine and ethanol and 0 mass%, 0.1 mass% and 1 mass% of distilled water.](c8sc01754a-f6){#fig6}

The corresponding IR spectra are shown in Fig. S13.[†](#fn1){ref-type="fn"} In the absence of water, the spectrum of **HST** is observed, as expected and in accordance with the corresponding XRD pattern. With 0.1 mass% of water, in addition to the signal coming from the alcohol essentially in the 1100 cm^--1^ region, the spectrum shows the antisymmetric and symmetric stretching bands of the CH~2~ group but also bands associated to the C--N group around 1500 cm^--1^. This strongly suggests the co-insertion of 1-butylamine and ethanol, which would then explain the interlamellar distance larger than that of **C~2~OH-HST**. When a larger amount of water is used, only the signals of CH~2~ group and the signals of C--N are observed and the signals of C--O band cannot be found which indicates only 1-butylamine is present in the interlayer space of **HST**.

Finally, the solid-state ^13^C CP/MAS NMR spectra of the reaction products with 0.1 mass% and 1.0 mass% of water further confirm the above observations ([Fig. 7](#fig7){ref-type="fig"}). When 1.0 mass% of water is used, only signals at 40, 30, 20 and 14 ppm were obtained, confirming the formation of **C~4~N-HST**. When a smaller amount of water is used, 0.1 mass%, the solid-state ^13^C CP/MAS NMR shows the signals which corresponds to the insertion of butylamine at 40, 30, 20 and 14 ppm, but also a signal at 68 ppm. This signal is attributed to the α-carbon (--C--O--) of ethanol, which is downfield shifted with respect to the corresponding signal for free ethanol in the liquid-state (57.8 ppm).[@cit41] This indicates the formation of the covalent bond C--O--Ta and confirms the co-insertion of ethanol and butylamine when only 0.1 mass% of water is used.

![Solid-state ^13^C CP/MAS NMR spectra of the products resulting from the reaction between **HST** and an equimolar mixture of butylamine and ethanol and 0.1 mass% (red) and 1 mass% (black) of distilled water.](c8sc01754a-f7){#fig7}

As presented above, ethanol does not react with **HST**. Therefore, the fact that it is possible to graft ethanol into **HST** when a mixture of ethanol and amine is used indicates that butylamine serves as a catalyst. Depending on the conditions, **C~4~N-HST** is formed first, and then the amine is replaced by ethanol as described when **C~2~N-HST** or **C~4~N-HST** are used as starting compounds. Yet, when the amine is present in excess (and not only in the form of **C*~n~*N-HST**), the formation of a pure **C~2~OH-HST** phase is not possible. When the water content is high, the preferential reactivity of **HST** towards amines leads to the formation of a **C*~n~*N-HST** phase and no insertion-grafting of alcohol. One hypothesis to explain the inhibition of the reactivity of the alcohol moiety when the amount of water is high, is the reduction of the nucleophilic character of the hydroxyl group by solvation with water.

2.6. Amino-alcohol insertion
----------------------------

The above study of the role of water on the preferential reactivity of **HST** towards --NH~2~ group or --OH group, was further extended to the study of the reactivity of **HST** and related compounds (**C~2~N-HST**, **C~4~N-HST** and **C~2~OH-HST**) towards an aliphatic amino-alcohol, 5-amino-pentan-1-ol.

[Fig. 8](#fig8){ref-type="fig"} shows the XRD patterns of **C~2~N-HST** and its reaction products with 5-amino-1-pentanol, using different quantities of water. The interlayer distance of the obtained product increases from that of **C~2~N-HST** (1.57 nm) to 1.61 nm, when the volumetric ratio water/THF is 1%. This distance corresponds to the expected one in case of a pillaring arrangement (see [Fig. 4a](#fig4){ref-type="fig"} for pillaring diols and [@cit18] for pillaring diamines). When the volume of water is 2% or 3% the one of THF, the interlayer distance is around 1.75 nm. And when the volume of water is between 10% and 100% the volume of THF, the interlayer distance further increases to around 1.96 nm. The observed variation of the interlayer distances is attributed to the change of the arrangement of 5-amino-1-pentanol in the interlayer space, from pillaring arrangement to bilayer arrangement.

![Left: XRD patterns of **C~2~N-HST** and its reaction products with 5-amino-1-pentanol using different quantities of water. Right: Scheme of the pillaring arrangement (bottom), and of the bilayer arrangement (top).](c8sc01754a-f8){#fig8}

These different arrangements are further confirmed and precised by IR spectroscopy (Fig. S14[†](#fn1){ref-type="fn"}). First it is worth noticing that the sharp strong bands at 3332 cm^--1^ and 3286 cm^--1^ due to NH stretching of free --NH~2~ group are greatly reduced in intensity in the spectra of the hybrid compounds compared to the spectrum of 5-amino-1-pentanol. In addition, new bands at 1578 cm^--1^ and 1545 cm^--1^ appear in the spectra of the hybrids, and can be attributed to --NH~3~^+^ groups deformation vibrations.[@cit50],[@cit51] This indicates that whatever the amount of water, the amino moiety is protonated and thus interacts with the inorganic negatively charged layers. Second, the signal coming from the stretching of the C--O bond appears at *ca.* 1060 cm^--1^ when the volume of water is more than 4% the one of THF, which indicates that the alcohol moiety is not coordinated, whereas for low water content (below 0.02 times the volume of THF), this band shifts to *ca.* 1130 cm^--1^, which indicates a grafting of the alcohol moiety to the inorganic layers and thus a pillaring arrangement of 5-amino-1-pentanol. When the volume of water is 2% and 4% the one of THF, the coexistence of signals around 1130 cm^--1^ and around 1060 cm^--1^ indicates the coexistence of the two arrangements. Unexpectedly, this coexistence of the two arrangements does not lead to a multiphasic compound ([Fig. 8](#fig8){ref-type="fig"}), but instead leads to the formation of compounds with an intermediate interlayer distance.

^13^C CP/MAS NMR spectra of different compounds (obtained with 1, 2 and 100% of water respectively) confirm the previous analyses ([Fig. 9](#fig9){ref-type="fig"}). Indeed, ^13^C NMR spectrum of free 5-amino-pentan-1-ol in solution in CDCl~3~ presents five signals at 61.6, 42.0, 33.3, 32.6 and 23.2 ppm.[@cit41]^13^C CP/MAS NMR spectrum of the **5-amino-pentan-1-ol-HST** hybrid obtained with 100% of water presents a signal at 62 ppm, with no evidence of a signal at lower field, indicating that the --OH group is not coordinated. On the contrary, for compounds obtained with 2 or 1% of water the signal of the C atom bearing the hydroxyl group is clearly down-field shifted with respect to free 5-amino-pentan-1-ol, indicating the deprotonation and coordination of the hydroxyl group.[@cit10],[@cit13],[@cit19],[@cit27] Yet a residual signal at 62 ppm shows the presence of a small amount of free hydroxyl groups (less pronounced when the quantity of water is decreased). The other signals are essentially unchanged, only slightly upfield shifted as expected due to amine protonation.[@cit18],[@cit47]

![Solid-state ^13^C CP/MAS NMR spectra of the products resulting from the reaction between **HST** and 5-amino-pentan-1-ol with 1 mass% (red), 2 mass% (green) and 100 mass% (blue) of distilled water.](c8sc01754a-f9){#fig9}

Combining the above analyses and the results of elemental analyses, the formulae of the obtained products as a function of the amount of water used are collected in Table S4.[†](#fn1){ref-type="fn"}

The same results are obtained when **C~4~N-HST** is used instead of **C~2~N-HST**. With these starting materials, it is thus possible to finely control the interlayer spacing of the hybrids and the arrangement 5-amino-pentan-1-ol by playing with the water content in the reaction mixture.

On the contrary, when using **C~2~OH-HST** or **HST** are used as starting materials, only the bilayer arrangement, with an interlamellar distance around 1.96 nm, can be obtained. In addition, it is worth noticing that the insertion reaction of 5-amino-pentan-1-ol is far more difficult; complete disappearance of the starting materials **C~2~OH-HST** or **HST** requires a much larger quantity of water (Fig. S15--S18[†](#fn1){ref-type="fn"}).

2.7. Post-treatment: from bilayer to pillaring arrangement
----------------------------------------------------------

The bilayer arrangement of 5-amino-pentan-1-ol leads to the presence of free --OH groups within the interlayer space of **HST**. These groups have the potential to undergo further grafting reaction to lead to pillaring arrangement. It is worth underlining that **5-amino-pentan-1-ol-HST** in its bilayer form is stable during at least 10 days in ambient conditions (in air, around 20 °C and about 50% humidity). Yet, after a moderate heating (70 °C) during one day, the interlayer distance decreases from 1.98 nm to 1.70 nm and further decreases to 1.62 nm when the heating time is prolonged to two days. Longer heating times do not lead to any further change of the interlamellar distance ([Fig. 10](#fig10){ref-type="fig"}).

![XRD patterns of **5-amino-pentan-1-ol-HST** "bilayer" and of the products obtained after heating.](c8sc01754a-f10){#fig10}

It is noteworthy that the distance which is obtained after heating (1.62 nm) is the same as the one obtained by the reaction between **C~2~N-HST** and 5-amino-pentan-1-ol using a low quantity of water with respect to THF ([Fig. 8](#fig8){ref-type="fig"}) which corresponds to a pillaring arrangement of 5-amino-pentan-1-ol. The corresponding IR spectra further support the above hypothesis, of a temperature induced pillaring of 5-amino-pentan-1-ol (Fig. S19[†](#fn1){ref-type="fn"}). Notably, the C--O stretching vibration undergoes a clear blue shift from 1058 cm^--1^ (C--OH) to 1120 cm^--1^ (ascribed to C--OTa). Finally, the down-field shift of the solid-state ^13^C CP/MAS NMR signal attributed to the C bearing the hydroxyl group confirms the effective grafting of the alcohol moiety upon heating ([Fig. 11](#fig11){ref-type="fig"}). Nevertheless, a small peak at 61.7 ppm, corresponding to free --OH group, is still visible in the spectrum of the compound after heating. One hypothesis is that this peak is due to 5-amino-pentan-1-ol molecules linked to the surface of the crystallites *via* the ammonium group, and for which the terminal --OH group remains free. The broadening of the resonance lines is likely due to the more rigid structure induced by the pillaring arrangement of 5-amino-pentan-1-ol.

![Solid-state ^13^C CP/MAS NMR spectra of **5-amino-pentan-1-ol-HST** "bilayer" (red) and the product obtained after heating (cyan).](c8sc01754a-f11){#fig11}

3. Conclusions
==============

The successful microwave-assisted interlayer surface modification of the protonated form of an Aurivillius phase, Bi~2~SrTa~2~O~9~ (BST) *via* grafting reactions with various alcohols (*n*-alcohols, linear diols and bulky alcohols) has been achieved. One marking result is the pillaring arrangement of α,ω-alkanediols with long alkyl chains in the interlamellar spacing of layered perovskite which is evidenced for the first time.

Taking advantage of the rapidity of microwave assisted reaction, the influence of the reaction conditions has been investigated more precisely. The importance of the choice of the pre-intercalated material for the preparation of alkoxy derivatives the Aurivillius phase has thus been underlined. In addition, it has been shown that water plays a key role not only to allow grafting of alcohols, but also to drive the preferential reactivity of the protonated perovskite with amines or alcohols. In the example chosen, 5-amino-pentan-1-ol, the amine group is preferentially bound, but it is possible to control the grafting of the alcohol moiety either by adjusting the quantity of water in the reaction medium, or by a post-reaction moderate heating.

These results will be most useful when times come for the insertion of more complicated molecules, bearing several functional groups, necessary for the precise design of functional hybrids with specific structures and properties. Such precise synthetic approaches can for instance lead to new luminescent activators,[@cit52],[@cit53] vapour sensors[@cit54] or to a fine tuning of the ferroelectric properties of the starting **BST** phase.[@cit55]
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